We found spontaneous dwarfs in Wistar Hannover GALAS rats, which were caused primarily by hypothyroidism (Doi et al. 2004, J Toxicol Pathol). It is known that juvenile hypothyroidism causes growth arrest, delay of bone age and epiphyseal dysgenesis. In this study, we morphologically investigated the bone, particularly the growth plate using 8-and 45-week-old dwarf (D) rats and compared the results with those from age-matched and younger juvenile (1-, 3-, 4-and 5-week old) normal Wistar Hannover GALAS (N) rats. At necropsy, 8-and 45-week-old D rats showed a small body size, low length of tibia and brachygnathia, which suggested dwarfism resulting from hypothyroidism. Histologically, 8-week-old D rats showed a small epiphysis ossification center, hypertrophy of osteoblasts, and a reduction of the vascular/bone cell invasion in the growth plate. Although the hypertrophied osteoblasts resembled those of 3-week-old N rats, the number of proliferating and hypertrophied chondrocytes in D rats were fewer than those of 3-week-old N rats. At 45 weeks old, the chondrocyte column structure in the growth plate of the D rats remained, suggesting a delay of epiphysial fusion. A small ossification center, hypertrophy of the osteoblasts and a delay of epiphysial fusion in D rats suggested a delay of bone age. Although low thyroid hormone and/or growth hormone might be responsible for these changes in the growth plate, these changes differed from thyroidectomized 6-week-old rats, suggesting a difference in the effect of thyroid hormone and/or growth hormone depending on the age of the animal. (J Toxicol Pathol 2007; 20: 155-160) 
Introduction
We found spontaneous dwarfs in offspring of Wistar H a n n o v e r G A L A S r a t s , w h i c h w e r e c a u s e d b y hypothyroidism 1 . Their serum TSH was markedly high, suggesting that this dwarfism was caused primarily by hypothyroidism. Histologically, a little colloid formation, decrease in follicular size, huge vacuole in the follicular epithelial cells of the thyroid and a few somatotrophs and mammotrophs of the pituitary were observed. Therefore, a histopathological evaluation of the endocrine system only was done.
Hypothyroidism is the term given to any structural or functional derangement of the thyroid that significantly impairs its hormone output. When this occurs congenitally or during infancy, it results in cretinism that is marked by intellectual defect and growth retardation leading to dwarfism 2 .
In humans, untreated juvenile hypothyroidism causes growth arrest, delayed bone age, and epiphyseal dysgenesis. Thyroidectomy in rats results in severe hypothyroidism, linear growth retardation and failure to gain weight. In the growth plates, there is a decrease in the heights of the proliferative and hypertrophic zones, and a decrease in chondrocyte proliferation, hypertrophy and vascular/bone cell invasion 3 . Knocking out the thyroid hormone receptor (TR) alpha impairs longitudinal bone growth and endochondral ossification like hypothyroidism 4 . Furthermore, longitudinal bone growth in mice with targeted deletions of either insulin-like growth factor-I (IGF-I) or growth hormone receptor (GHr) is retarded although the morphological changes are different from each other and hypothyroidism 5 . Although there is plenty of evidence that the TH and GH have an effect on the growth plate function and morphology, and play a critical role in longitudinal bone g r o w t h , t h e r e a r e f e w r e p o r t s a b o u t c o n g e n i t a l hypothyroidism animals like our dwarf rats.
In this study, we compared the femur and tibia of dwarf rats with those of age-matched and younger juvenile normal rats. In histopathology, we focused on the growth plate, which is the main stage for longitudinal bone growth.
Materials and Methods
We used 8-(n=3, each sex) and 45-(n=4, each sex) week-old dwarf (D) rats from our colony originating from two dwarf male rats 1 . As normal controls (N), 8-and 45-week-old (n=5, each) and 1-, 3-, 4-, 5-week-old (n=2, each) Wistar Hannover GALAS rats of both sexes were purchased from CLEA Japan Inc. (Shizuoka, Japan) and used for comparisons with the D rats. The number of animals used and examinations performed are summarized in Table 1 .
Necropsy was performed after euthanasia by exsanguinations under ether anesthesia. The length of both tibias was measured in 45-week-old animals and 4-and 5-week-old N rats. The right femurs only or right knee joints including the femurs and tibias were removed, and fixed in 10% neutral phosphate-buffered formalin. We investigated fixed femurs and tibias of N and D rat at 8 weeks of age by radiography (SOFTEX TYPE CMB, Softex corporation). Then, they were treated with a 10% formic acid-formalin solution for decalicification. The distal end of the femurs including the articular and epiphysial cartilage or knee joints including the distal end of femurs and proximal end of tibias were embedded in paraffin, sectioned and stained with hematoxilin and eosin for microscopic examination.
In order to investigate in detail, the left knee joints in 8-and 45-week-old D rats and 1-, 3-, 4-and 5-week-old N rats were collected and fixed in 4% paraformaldehyde for 24-hours. Then, they were treated with 10% EDTA solution for decalcification. They were embedded in paraffin and sectioned. Furthermore, tartrate-resistant acid phosphatase staining (TRAP) was done to detect osteoclasts.
The animals were cared for according to the principles outlined in the guide for the care and use of laboratory animals prepared by the Japanese Association for Laboratory Animal Science and our institution.
Results

Necropsy findings
The D rat showed a small body size, delicate fur and brachygnathia at 8 and 45 weeks of age ( Fig. 1 ). In the 45-week-old D rats, exophthalmos and obesity were seen. The tibia lengths of D rats were shorter than those of agematched N rats ( Fig. 2 ) and similar to those of 4 or 5-weekold N rats (Table 2) .
At radiography, D rats showed short length of femur and tibia, clear growth line and low bone density compared to N rats (Fig. 2) .
Histological findings
8-week-old rats: The ossification centers in the epiphysis of D rats were smaller than those of N rats (Fig. 3) . Articular and epiphysial cartilage thickening due to remnants of the hypertrophied chondrocyte in the ossification center side was observed. These features were similar to those of younger animals, such as 3-week-old N rats. In the growth plate, there was no difference in arrangement of the chondrocyte or size and number of Though the lengths of tibia in D rats were similar to those in 4-or 5-week-old N rats, body weights of D rats were 2 times heavier than those of 4-or 5-week-old N rats.
hypertrophic chondrocytes between D and N rats (Fig. 4A,  C) . However, the number of proliferating and hypertrophied chondrocytes in D rats was fewer than in 3-week-old N rats, which had ossification centers similar to those of D rats (Fig.  4E) . In D rats, osteoblasts in the mineralization layer of the growth plate were hypertrophied, having large clear round nuclei and abundant basophilic cytoplasm (Fig. 4D) , and they were similar to those of 3-week-old N rats (Fig. 4F) . However, the number of osteoblasts in D rats was much fewer than those of the younger N rats. In N rats, osteoblasts were small and had oval nuclei and scant amphophilic cytoplasm (Fig. 4B ). Blood vessel invasion in the mineralization layer was reduced in D rats compared to N rats. Morphology of the articular cartilage was similar to that of the growth plate.
TRAP staining revealed that the numbers of osteoclasts in the growth plate and around the secondary ossification center of D rats were similar to those of 8-week-old N rats (Fig. 5) .
45-week-old rats: In N rats, compared to 8-week-old animals, the growth plate had thinned and the arrangement of chondrocytes was unclear at 45 weeks of age suggesting epiphysial fusion (Fig. 6) . However, the growth plate in D rats remained in the chondrocyte column structure, and was thick compared to N rats (Fig. 6 ).
Discussion
We previously reported that dwarfism is primarily caused by hypothyroidism in our colony of D rats because of low serum T 3 , T 4 , and high serum TSH 1 . External abnormalities seen in the D rats, such as small body, delicate fur, brachygnathia and exophthalmos have been observed in human cretinism patients 2 and may result from deficiency of thyroid hormone and subsequent deficiency of growth hormone (GH). It was demonstrated that 8-and 45-week-old D rats, used in this study (n=2, each sex), showed low serum T 3 , T 4 and GH and high serum TSH 1 . The 8-week-old D rats showed a small secondary ossification center indicating a delay in bone age compared to age-matched N rats. Furthermore, the delay in epiphyseal fusion provides supporting evidence for the delayed bone age in D rats. This finding was reported in growth hormone receptor-deficient transgenic mice as well as human hypothyroidism 5 . Low serum GH rather than TH might be responsible for these changes. Longitudinal bone growth occurs at the growth plate by endochondral ossification and this process is regulated by a complex network of endocrine signals, including GH, TH, insulin like growth factor I (IGF-I), glucocorticoid, estrogen, androgen, vitamin D, and leptin (Fig. 7) 6 . In this study, the number of proliferating and hypertrophied chondrocytes in D rats were fewer than in 3-week-old N rats, although their ossification centers and osteoblast morphologies were similar to those of younger rats. It is known that GH directly stimulates longitudinal bone growth, which promotes differentiation from the prechondrocyte to chondrocyte. GH also promotes proliferation of chondrocytes via IGF-I production (Fig. 7) 7 . In the D rat, a serious deficiency of GH might result in inhibition of prechondrocyte differentiation and proliferation in the germinal layer.
Moreover, it has been reported that TH supresses expression of parathyroid hormone-related peptide (PTHrP) 3 . PTHrP is a potent inhibitor of hypertrophic chondrocytes. PTHrP acts on PTHrP receptors expressing prehypertrophic chondrocytes to maintain cells in a proliferating state. So, a decrease in TH might enhance PTHrP action resulting in decreased hypertrophy of chondrocytes.
In this study, a reduction of blood vessels and osteoblast invasion in the mineralization layer of D rats were also observed. Hypertrophic chondrocytes produce various factors that attract the invading bone cells and blood vessels, including vascular endothelial growth factor (VEGF) 6 . It is possible that inhibition of hypertrophic chondrocyte differentiation results in reduction of factors such as VEGF followed by reduction of blood vessel and osteoblast invasion. Additionally, a change in the level of steroid hormone brought about by inhibition of growth of the reproductive system, which was observed in D rats (data not shown), might affect the longitudinal bone growth.
A decreased size and number of hypertrophic chondrocytes in the growth plate were reported in thyroidectomized 6-week-old rats 5 . However, in this study, the hypertrophic chondrocyte was of normal size and number when compared to age-matched N rats. Therefore, effects of TH and GH might change depending on the age of the animal.
In this study, we examined the bone, particularly the growth plate in D rats and observed abnormalities in differentiation and proliferation on the growth plate resulting from hypothyroidism which might be responsible for dwarfism. Brachygnathia was also observed in the D rats. The nasal bone is a part of the cranial bone and grows by membranous ossification. We should conduct further studies on membranous ossification in D rats.
